INTRODUCTION
Autosomal dominant polycystic kidney disease (ADPKD), with a reported prevalence of 1 in 1000, is a common, adultonset monogenic disease and the most common genetic cause of kidney failure. 1 The disease is predominantly caused by pathogenic variants in PKD1 or PKD2. The utility of genetic testing in ADPKD is increasing as sequencing technology advances and as evidence accumulates regarding the value of a genetic diagnosis in estimating disease progression. [2] [3] [4] In addition, genetic diagnosis provides families with valuable information regarding recurrence risk and access to techniques such as preimplantation genetic diagnosis. As therapeutic options advance, genetic diagnosis can also be used to stratify patients' suitability for treatments. 2 However, genetic sequencing in ADPKD has not been straightforward, largely due to six pseudogenes that share 97% sequence similarity to PKD1 and therefore challenge standard sequencing techniques. 5 In addition, interpreting variants identified in patients with APDKD is challenging. The majority of ADPKD patients have protein-truncating variants that are considered to be disease-causing (approximately 60% of PKD1 mediated disease and 90% of PKD2 mediated disease). 1 Some have missense variants that are predicted to cause their disease; however, the interpretation of these variants currently relies heavily on in silico prediction models, because functional studies to assess pathogenicity of individual variants are not readily accessible, particularly to diagnostic laboratories. 6 Previous reports of pathogenicity have limited utility given most (up to 80%) have diseasecausing variants unique to their family. 7 Variant analysis in ADPKD is also challenged by significant variability in disease severity among patients, ranging from increased number of kidney cysts to end stage renal failure (ESRF). The increasing use of genetic diagnostics in ADPKD reinforces the necessity for reliable pathways to assess the likelihood of identified variants causing clinically significant disease, such as impaired kidney function, rather than purely predicting the development of increased number of renal cysts.
As sequencing technology has evolved, there has been reevaluation of diagnostic guidelines for interpreting the pathogenicity of identified variants. 8 In addition, large-scale population databases have become widely available and can assist in the assessment of genetic variants in rare diseases. 9 There is evidence in several diseases where these databases have improved the interpretation of variants in groups of patients with monogenic disease and allowed better prediction of which variants are likely to cause clinically significant disease. 10, 11 The most widely used large-scale reference data set is from the Exome Aggregation Consortium (ExAC) consisting of exome sequencing data from unrelated individuals of diverse ancestries. 9 The PKD Database (PKDB) contains sequencing data from over 2000 pedigrees of patients with an ADPKD phenotype. 12 Here we assessed the prevalence of disease-causing variants in a population data set, by combining curated variants from over 2000 pedigrees from the PKDB 12 to 60,706 individuals from the ExAC population database. 9 This work extends previous studies using population databases by focusing on an adult-onset disease with variable disease severity and investigating a primary disease gene with strong pseudogene homology that has warranted detailed assessment of the quality of the data within the ExAC exome data set. 13 
MATERIALS AND METHODS
Variant data was downloaded from the ExAC database in VCF format (http://exac.broadinstitute.org; version 0.3) from 60,706 individuals, and annotated by VEP v79 (ref. 14 ) . Only variants annotated as "PASS" by the Variant Quality Score Recalibration (VQSR) quality filter, and affecting specific PKD1 (ENST00000262304) and PKD2 (ENST00000237596) isoforms were used for analysis. All variants reported were included in analysis, including variants in the coding region, untranslated regions, and flanking introns. Protein-truncating variants (i.e., gain of stop codon, frameshift insertions or deletions, and essential splice site variants) were flagged. The reads supporting all protein-truncating variants were manually inspected for evidence of read misalignment using the ExAC browser's interactive IGV.js browser. Two predicted nonsense variants (p.Glu4131Ter, p.Glu1295Ter) were removed because they were immediately adjacent to other nucleotide substitutions, in the same patients, on the same haplotype, which together results in a missense change. Also, one frameshift variant (p.Leu3446ArgfsTer27) was removed because it showed evidence for read misalignment. The average mapping quality was assessed for all variants directly from the ExAC VCF file. Ages for all participants with a PKD1 or PKD2 variant were obtained from ExAC. Age data were not readily available for the recently expanded gnomAD cohort, thus here we restricted our analysis to the n = 60,706 ExAC cohort.
Variant data from the PKDB (PKDB.mayo.edu; accessed 20 May 2016) were converted to VCF format (CHR; POS; REF; ALT) for cross-comparison with variants from ExAC.
Given the known sequence homology between PKD1 and the six PKD1 pseudogenes, we aimed to identify regions of PKD1 that would be most susceptible to pseudogene read misalignment with short-read exome sequencing. False positive variants could occur if reads from a pseudogene are incorrectly aligned to PKD1. To detect regions of PKD1 that are at increased risk for false positive calls, a list of regions of the PKD1 gene that are similar in sequence to a pseudogene sequence was compiled (noting that reads that are identical to two sites of the genome are discarded from analysis, mapping quality [MQ] = 0). Regions of the PKD1 gene that are almost identical in sequence to a pseudogene are most vulnerable to misaligned reads and subsequently false positive calls ( Supplementary Figure 1) . A list of regions in PKD1 that are most susceptible to false positive calls due to pseudogene homology was generated. A BED file for the pseudogene exons was made using coordinates from RefSeq and ENSEMBL (Supplementary Table 1 ; Supplementary Figure 1 ). The sequence of each pseudogene exon was obtained from the GRCh37 reference genome and the BED files in FASTA format, and converted to FASTQ format using bedtools, 15 setting all bases to quality of 30. To direct all pseudogene exons to align to PKD1 in the subsequent step, we created a custom reference genome, by masking the PKD1 pseudogenes from the hs37d5 reference genome using bedtools (Supplementary Figure 1 ). FASTQ files from each pseudogene were aligned to the custom reference genome, using BWA MEM 16 ( Supplementary Figure 1 ). Variants were identified using samtools and bcftools, 17 in VCF format. This VCF file represents a set of all possible false positive variants that could be attributed to pseudogene read misalignment. The generated list of variants was cross-referenced with variants in ExAC.
We estimated the maximum credible population allele frequency and allelic count for variants in ExAC, using the frequency calculator established by Whiffin et al. 18 under the following assumptions: a disease prevalence of 1/1000, allelic heterogeneity of 1%, genetic heterogeneity of 100%, a penetrance of 100%, a reference population size of 121,412 alleles, and statistical confidence of 0.999.
RESULTS

Assessing data quality in ExAC for PKD1 and PKD2
Given PKD1 shares >97% sequence homology with six pseudogenes and that ExAC is composed of exome sequencing data from short-read sequencing (paired end 75 bp), we carefully examined data quality. 5, 9 To investigate the potential for false positive variants resulting from read misalignment, we assessed average mapping quality (MQ; i.e., the likelihood that the reads are aligned to the correct section of the genome) of each variant reported in ExAC (Supplementary Figure 2A ). As expected the MQ was lower across exons 1-33, which share homology with pseudogenes; however, all variants had average MQ >30, indicating a 1:1000 chance that reads were mapped incorrectly, suggesting that most variants are likely to be real.
We next assessed whether any variants observed in PKD1 could have been from PKD1 pseudogene read misalignment. By aligning the pseudogene sequences to PKD1 (Supplementary Figure 1 ), we identified a set of 1028 variants that would be consistent with pseudogene read misalignment, if observed in an individual. This file serves as a useful control for interpreting patient data (Supplementary Table 2 ). By comparing all variants in PKD1 in ExAC with the potential false positives, only 64 (1.34%) variants matched the pseudogene sequence and none of these were proteintruncating variants. PKD2 does not have any pseudogenes and we previously demonstrated that reads align well to PKD2 (ref. 3 ).
We investigated the potential false negative rate in ExAC by assessing depth of sequencing coverage over PKD1 and PKD2. The mean coverage of PKD1 and PKD2 was 58.28× and 80.73×, respectively, and was variable for each exon (Supplementary Figure 2B and 2C, Supplementary Figure 3 ). As expected, 3 exons 1 and 42 of PKD1, and exon 1 of PKD2, with high GC content >75%, had poor or no sequencing coverage (Supplementary Table 3 ). The power to detect variants is closely related to sequencing coverage, where >15× mean depth gives 97.5% sensitivity for detection of heterozygous single-nucleotide variants with exome sequencing. 19 On average, 74% of PKD1 and 99% of PKD2 had >15× coverage across the cohort.
On balance, we are confident that the variants reported in ExAC for PKD1 are overwhelmingly real and thus represent a useful resource for interpreting variants in patients. We note that because poor quality variants have been filtered out of the ExAC database and given the variable coverage over some regions, there may be an ascertainment bias, making our results conservative.
PKD1 and PKD2 variants identified in ExAC
We assessed the frequency of genetic variants affecting PKD1 or PKD2 reported within the ExAC cohort of 60,706 unrelated individuals. We identified 4750 and 672 unique variants a total of 312,302 and 86,315 times in PKD1 and PKD2 respectively. The majority (70-75%) of these variants were either protein coding or in the essential splice region. Seventyfive percent of the reported unique PKD1 variants and 85% of unique PKD2 variants were nonsynonymous. There were 25 protein-truncating variants in PKD1 and PKD2 observed.
Protein-truncating PKD1 and PKD2 variants in ExAC
Loss-of-function variants in ADPKD are considered to be disease-causing. 1 We thus examined the protein-truncating variants in more detail. In ExAC, there were 12 proteintruncating variants reported in PKD1 and 13 in PKD2 ( Table 1) . We manually reviewed the published evidence supporting all truncating variants in ExAC and also classified as pathogenic in the PKDB. All had been previously reported as pathogenic in small ADPKD pedigrees, in patients with clear phenotype, though segregation had not been possible in all cases. 7, 20, 21 For example the PKD1 p.Arg4228Ter truncating variant is reported in eight different small pedigrees (<4 individuals) in PKDB and in one 65-year-old patient in ExAC, with the published reports describing patients with ESRF in their 30s-50s (refs. [22] [23] [24] .
We investigated the possibility that individuals in ExAC with protein-truncating variants were somatic mosaics with reduced mutant load in the kidney and therefore not expected to have fully penetrant disease. [25] [26] [27] We recorded the variant allele frequency for each protein-truncating variant in PKD1 and PKD2 from the ExAC browser's interactive IGV.js browser. 28, 29 The minimum variant allele frequency was 33% and the maximum 52%, suggesting somatic mosaicism is unlikely to be an explanation for the presence of these variants in a control data set (Supplementary Table 4 ).
Curated PKD1 and PKD2 variants reported in PKDB
The PKDB contains expert-curated records of genetic variants observed in ADPKD patients, including single-nucleotide variants and small and large deletions and duplications. These variants are classified as "definitely pathogenic," "highly likely pathogenic," "likely pathogenic," "likely hypomorphic," "indeterminate," and "likely neutral." All protein-truncating variants and large deletions or duplications in PKD1 or PKD2 are classified as "definitely pathogenic." Missense variants, inframe deletions and duplications, and synonymous variants are classified as either "highly likely pathogenic," "likely pathogenic," "likely hypomorphic," "indeterminate," or "likely neutral" based on species conservation, in silico predictions, functional assays, and previous reports of pathogenicity.
We first considered the number of unique variants found in common between PKDB and ExAC and then the total allele count of each variant. There were 2097 unique variants in PKD1 reported in the PKDB, and of these, 516 are also reported in ExAC, none of which overlapped with potential pseudogene false positive variants identified above. A total of 34 different variants were classified as definitely pathogenic (n = 5), highly likely pathogenic (n = 4), and likely pathogenic (n = 25) (Figs. 1a, b, 2a; Supplementary Table 5 ). The remaining 482 variants were classified as either likely hypomorphic (n = 5), indeterminate (n = 62), and likely neutral (n = 415). A number of these variants were identified in multiple participants in ExAC, which is represented by the allele count in Fig. 2c . In total, we observed 363 PKD1 records in ExAC, of variants that have been classified in the PKDB as definitely pathogenic, highly likely pathogenic, or likely pathogenic ( Fig. 2c ; Supplementary Table 5 and Supplementary Figure 4 ).
There were 264 unique PKD2 variants reported in PKDB, of which 47 were also reported in ExAC (Fig. 1c, d ). Ten of these 47 variants were curated as definitely pathogenic (n = 5), highly likely pathogenic (n = 1), and likely pathogenic (n = 4), with one additional variant annotated as likely hypomorphic ( Figs. 1c,d, 2b ; Supplementary Table 4 ). A number of these variants were reported in more than one participant in ExAC, such that there were 42 PKD2 entries in ExAC of variants that have been classified as definitely pathogenic, highly likely pathogenic, or likely pathogenic in PKDB (Fig. 2d ).
Expected frequency of disease-causing variants in ExAC
In a random population of 60,706 people sequenced by exome sequencing, it would be expected that 42 (0.69 per 1000) would have disease-causing variants identified in PKD1 and PKD2 (Fig. 3) . In calculating this figure, we made the conservative assumption that ExAC had the same disease prevalence of ADPKD to the general population (1 per 1000). We also accounted for the diminished power to detect variants in all exons of PKD1 and PKD2 by exome sequencing (i.e., 74% with depth >15×). Furthermore, we accounted for only 90% of patients having a diagnosis due to variants in PKD1 or PKD2 and that 97% of diagnoses would be from single-nucleotide variants or indels, as opposed to large deletions (3% [ref. 7 ] ). Finally, we assumed 75% of disease-causing variants in ExAC would be due to PKD1 variants and 25% due to PKD2 variants (in published ADPKD cohorts, PKD1 variants account for 80% of disease 1 ).
If we consider all variants in ADPKD classified as definitely pathogenic, highly likely pathogenic, or likely pathogenic, as well as novel truncating variants in ExAC, as likely to be disease-causing, then we identified a total of 418 records in ExAC, suggesting a disease prevalence of up to 6.9 per 1000 ( Fig. 3) . If we exclude all likely pathogenic variants, then we identified a total of 40 records in ExAC, and a prevalence of 0.66 per 1000. Based on this more conservative definition of variants contributing to disease, this number matches the expected prevalence under the assumptions made above. This suggests that a number of the variants currently classified as likely pathogenic in the PKDB may be benign, hypomorphic, or weakly penetrant, when population data is taken into account.
We calculated the maximum credible allele frequency for any individual disease-causing variant as 6.25 × 10 −6 , which is a maximum allele count of 5, in the ExAC population (see Methods). There were 46 different PKD1 and 8 different PKD2 variants that were each reported in at least 5 participants in ExAC (Supplementary Table 5 ). We suggest that these 54 variants are too frequently identified in the population database to be independently disease-causing and should be considered for reclassification.
To assess whether variant carriers in ExAC were young and thus potentially presymptomatic carriers of ADPKD, we analyzed the age distribution for all participants with any variant in PKD1 and PKD2 and compared this with the age distribution of ExAC participants with truncating variants in PKD1 and PKD2. The ages for the participants in ExAC with protein-truncating variants were similar to those with other types of variants (Fig. 4) .
DISCUSSION
This study demonstrates that population data sets comprised of exome sequencing data can be reliably applied in ADPKD to help refine variant classification, despite pseudogene Cys259Tyr  Thr276lle  Asp1165Gly  Val1611lle  Thr1711lle  Gly1987Asp  Arg1995Cys  Arg2051Cys  Phe2132Cys  Arg2215Trp  Arg2408Cys  Thr2414Met  Arg2434Trp  Ser2569Cys  Gly2579del  Thr2710Asn  Pro2802Leu  Gly2858Ser  Ser2880Leu  Tyr2945Cys  Arg2974Trp  Ser3178lle  Gly3300Arg  Glu3415Lys  Lys3463Glu  Arg3548Cys  Arg3846fsX  Gln4004Ter  Trp4012Ter Arg4154Cys Arg4228Ter
Arg320Ter homology. Initial examination of the ExAC population database shows that there are more disease-causing variants (defined in the PKDB as pathogenic, highly likely pathogenic, and likely pathogenic) than would be expected for the prevalence of ADPKD. Prior to the recent availability of large control data sets such as ExAC, interpretation of variants, particularly missense variants, was based largely on in silico analysis tools, segregation in small pedigrees, and previous reports. When population data are combined with these parameters, a number of variants currently classified as disease-causing in the PKDB may be reclassified as unlikely disease-causing based on their frequency in the population database. If only variants classified in the disease database as truncating or highly likely pathogenic are considered, the variant burden in ExAC matches the expected prevalence. Importantly, if a number of currently known PKD1 or PKD2 variants are reclassified as likely benign, this increases the proportion of patients with an ADPKD phenotype and no known disease-causing variant. Reanalysis in these cases may identify pathogenic variants in previously unexamined regions of PKD1 or PKD2 (such as promoter or intronic regions); newly described genes, such as GANAB; or result in gene discovery. 30 This finding has important implications for individuals with disease, for whom genetic information is used to guide family planning, access to treatments, and prognosis. As access to large data sets of genomic information has increased, the reassessment of previously reported pathogenic variants, which were reported using the best available evidence at the time, has been demonstrated in other disease groups. 31 These findings support recent guidelines relating to cautious use of in silico pathogenicity prediction tools in the assessment of disease-causing variation. 8 Also highlighted is the difficulty of adequate wide segregation in an adult-onset autosomal dominant disease, in which often only probands or small pedigrees are available for analysis. 8 An additional interesting finding is the number of patients, of broadly distributed age, with protein-truncating or highly likely pathogenic variants in ExAC. If we make the conservative assumption that ExAC is a cohort of individuals with typical population risk for ADPKD, then the number of identified and expected individuals is approximately equal, as has been reported previously for variants in PKD2 (ref. 13 ). If however, the ExAC cohort is biased toward healthy individuals, as has been reported by the ExAC curators 9 and the previous PKD2 investigation, 13 then there is an excess of apparently healthy individuals carrying loss-of-function variants, which would otherwise be reported as pathogenic by most clinical laboratories. This suggests that some truncating variants in ADPKD may have reduced penetrance, and that some should be considered disease-predisposing rather than disease-causing. To validate this will require additional follow-up with extensive phenotype data.
Interestingly, the truncating variants identified were enriched toward the 3' end of PKD1, perhaps suggesting that truncating variants toward the end of the protein may be variably penetrant, though this requires further extensive study. Notably, truncating variants identified in the last exons of PKD1 and PKD2 have been reported as definitely pathogenic in the PKDB and in recent literature. 7, 32 The most 3' truncating variant reported in PKDB as pathogenic is at codon 4276/4304 of PKD1, and at codon 949/969 of PKD2 (ref. 12 ) ( Fig. 2a, b) .
The power of variant databases to improve variant classification has been demonstrated in other disease groups. A 2016 study by Minikel et al. utilized the ExAC data set to interpret variants in the adult-onset disorder prion disease. 10 The group found that there were more than 30 times more variants in the population data sets than was expected by known prevalence of the disease. They concluded that there was significant variability in lifetime risk of developing disease based on the particular variant inherited and its prevalence in control populations. 10 Variants detected in multiple affected families and absent or at very low prevalence in the population data sets had 100% lifetime risk of developing disease, as compared with variants that had higher prevalence in population cohorts. 10 Similar studies utilizing the ExAC data set to assess penetrance and variant pathogenicity have been performed in genetic adult-onset cardiomyopathy, genetic ventricular tachycardias, and schizophrenia and intellectual disability. [33] [34] [35] A limitation of this study is that detailed phenotype information is not available for ExAC participants. We reviewed the inclusion and exclusion criteria for each study that comprises the ExAC cohort and found no suggestion that the database is enriched for kidney disease. 9 Previous studies have also demonstrated that the database is not enriched for pathogenic variants. 36 Based on our current understanding of ADPKD, patients with PKD1 truncating variants have median age of onset of ESRF in their mid 50s. 1 We thus used the age of each ExAC individual as a surrogate phenotype. We demonstrated that the ages of participants in ExAC with PKD1 or PKD2 protein-truncating variants were evenly distributed across age brackets, suggesting that the findings are not skewed to participants of a young age who are yet to manifest a phenotype (Fig. 4) . Another potential limitation is that whilst the majority of the individuals in the ExAC cohort 9 and PKDB registry are of European ancestry, any substantial differences in ancestry may lead to subtle biases, and potentially more rare alleles in cases relative to controls.
There is ascertainment bias in ADPKD literature, given probands are identified when they manifest clinically significant disease. It is possible that ADPKD is more prevalent than currently understood and that patients with subclinical disease are currently not identified. This is supported by autopsy studies that report ADPKD at a prevalence more frequent than 1/1000 (refs. [37] [38] [39] ). Investigating the true population prevalence of ADPKD will require further study of large cohorts of unselected individuals, with the ability to undertake follow-up clinical assessment in individuals with truncating or previously reported diseasecausing variants.
A major challenge in genetic sequencing in ADPKD is the presence of six pseudogenes that share approximately 97% sequence homology with two-thirds of the PKD1 gene. 5 Our analysis of the exome sequencing data from the ExAC data set demonstrates that depth of coverage over PKD1 is reduced in the pseudogene-homologous region. However, analysis of variants reported in this region shows good mapping quality. Therefore, although the exome sequencing method used by ExAC does not adequately cover PKD1 for the purposes of diagnostic sequencing, our analysis demonstrates that the variants reported in the database are likely to be real. This adds value to the interpretation of variants reported in the ExAC database; however, the absence of a variant in the ExAC database, in the PKD1 pseudogene-homologous region, is a less meaningful finding given the variable coverage in this region. This is relevant as the absence of a variant in control data sets is a pathogenicity-criteria in the current American College of Medical Genetics and Genomics (ACMG) guidelines. 8 These are valuable findings for those interpreting 
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Mean reported age of renal failure Fig. 4 Ages of participants in ExAC with PKD1 and PKD2 disease-causing variants. Violin plot of the age of participants in the ExAC database with variants in PKD1 or PKD2. Also shown are the ages of participants in ExAC with variants that are classified as disease-causing in the PKDB and the ages of those ExAC participants with truncating variants. ExAC-variants in ExAC; ExAC and PKDB-variants identified in ExAC and also classified in the PKDB as definitely pathogenic, highly likely pathogenic, or likely pathogenic; truncating in ExAC-truncating variants in ExAC; red line-mean age of renal failure published for each group. 1, 3, 9 ExAC Exome Aggregation Consortium, PKDB Polycystic Kidney Disease Database. variants in ADPKD, both in the diagnostic and research setting, as the majority of control data sets currently utilize exome sequencing data.
Our study emphasizes the complexity of variant interpretation in ADPKD and the challenge of estimating the likelihood of a particular sequence variant resulting in clinically significant disease in an individual. Our findings demonstrate how classification of variants has evolved with rapidly increasing amounts of data and highlight the value of reviewing previous variant findings. These findings are not unique to ADPKD and likely applicable to other, particularly adult-onset, autosomal dominant genetic diseases. The findings of our study reinforce the value of international collaboration to ensure that disease and population databases are inclusive and well curated. These challenges will be ongoing as our genetic knowledge continues to increase and raises wider issues regarding resourcing to allow for review of previously classified variants, for both diagnostic and research laboratories. We demonstrate that ExAC data can be used in regions of pseudogene homology, because the presence of a variant is likely to be true. However, given reduced coverage, our data indicate that the absence of a variant in a homologous region is less powerful. Our study demonstrates that some previously reported ADPKD variants are unlikely to be disease-causing and highlights the complexity of predicting disease severity in ADPKD, even with genetic information-this is important knowledge for clinicians counseling patients and for researchers striving to better understand the pathogenesis of this common monogenic condition.
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